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An in vitro experiment was conducted to elucidate the role of polyamines and phospholipase D (PLD) in maize (Zea mays L.) response to
drought stress simulated by PEG-6000. During the early stage of drought stress, an increase of PLD activity played a major role in stomatal closure
as an adaptive response to drought stress and this process was independent of polyamine synthesis. Under prolonged drought stress, the total
content of polyamines including putrescine (Put), spermidine (Spd) and spermine (Spm) increased at 120 min after drought stress treatment while
the ratio of Spd+Spm/Put decreased, which caused an increase in PLD activity, relative membrane permeability and malondialdehyde content
(MDA). Exogenous polyamines enhanced PLD activity, and the greatest effect was induced by Put. Therefore, we concluded that PLD played an
important role in mitigation of drought stress damage in the early stage of drought stress which was independent of polyamine accumulation.
However, in the later stage of drought stress, the obvious elevation of PLD activity led to serious membrane damage regulated by the ratio of
Spd+Spm/Put.
© 2012 SAAB. Published by Elsevier B.V. All rights reserved.
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Drought stress is a major limitation to high crop yields
worldwide (Vij and Tyagi, 2007). Plants adapt to drought stress
by altering a series of physiological, biochemical and molecular
responses (Bohnert and Jensen, 1996; Vij and Tyagi, 2007).
Polyamines are low molecular mass aliphatic amines in all plant
cells and play an important role in plants' response to drought
stress (Bouchereau et al., 1999; Groppa and Benavides, 2008;
Hussain et al., 2011). Common polyamines in higher plants
include putrescine (Put), spermidine (Spd) and spermine (Spm).
Due to their cationic nature at physiological pH, they can interact
with negatively charged macromolecules such as membrane
phospholipids, DNA and protein. Therefore, polyamines can
stabilize the membrane or DNA structure, protein conformation⁎ Corresponding author. Tel.: +86 29 87092262.
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http://dx.doi.org/10.1016/j.sajb.2012.08.009rightsand regulate the activity of many enzymes such as antioxidant
enzymes and H+-ATPase in stress conditions (Bratton, 1994;
Bratton et al., 1999; D'Agostino et al., 2005; Groppa et al., 2001;
Liu et al., 2005). In these studies, it is believed that Spd and Spm
play protective roles in stress conditions, but the excessive
accumulation of Put may cause toxic effects in plants. The
degradation of polyamines was also involved in ABA signal
transduction in Arabidopsis and Vicia faba (An et al., 2008;
Wimalasekera et al., 2011). Putrescine can be degraded by
diamine oxidase to produce H2O2, which elevates the Ca
2+ level
in guard cells and induces stomatal closure in V. faba (An et al.,
2008). The stomatal closure induced by various polyamines
reduces water loss in the early stage of drought stress and this
might be an important mechanism of drought tolerance (An et al.,
2008; Wimalasekera et al., 2011).
Phospholipase D (PLD; EC 3.1.4.4) constitutes a major
phospholipase family in plants that hydrolyzes phospholipids to
produce phosphatidic acid (PA) and a free head group in plantsreserved.
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metabolism, cellular signal transduction, programmed cell death,
plant growth, development and response to various stress (Li et
al., 2009; Testerink and Munnik, 2011; Wang, 2005). Several
researches conducted on several different plant species have
shown that PLD genes were upregulated and PLD activity was
increased under water-deficit, hyper-osmotic conditions or
following ABA treatment (Frank et al., 2000; Munnik et al.,
2000; Peng et al., 2010). The function of PLD in a plants'
response to drought stress includes regulation of stomatal
aperture in a short period of time of drought stress and hydrolyses
of phospholipids to generate PA, which induces stomatal closure
via its inhibition of the inward K+ channel or influence on
the generation of the second messengers in guard cells as
demonstrated in V. faba and Arabidopsis (Jacob et al., 1999;
Uraji et al., 2012). The research in Arabidopsis showed that PA
produced by PLD induced stomatal closure by its influence on
protein kinase, protein phosphatase or nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase in abscisic acid
(ABA) signal transduction (Zhang et al., 2004, 2009). Therefore
PLD plays a positive role in stomatal aperture regulation under
drought stress. On the other hand, under prolonged drought
stress, the hydrolysis of membrane phospholipids by PLD leads
to an increase in membrane permeability and peroxidation (Hong
et al., 2008).
Despite some preliminary indications of a link between
polyamine and PLD with respect to plant response to drought
stress, conclusive experimental evidence of the above link is
somewhat lacking. Therefore, the objective of this study was to
investigate the physiological role of polyamine and PLD on
maize in response to drought stress across different growth
stages.
2. Materials and methods
2.1. Plant material and treatments
Seeds of maize (Zea mays L., cv. Jundan 20; from Yangling,
China) were sown in trays of sand in a greenhouse under a 14/10 h
(light/dark) and 28/23 °C cycle. The light intensity was
200 μmol m−2 s−1. Hoagland solution was used to moisten
the sand as a source of nutrients for germinating plants. When
the second leaf was fully expanded (16 days after sowing), the
plants were collected and used for the following investigations.
The plants were excised at the base of the stem and placed in
1/2-strength Hoagland's solution for 1 h to mitigate wound stress.
Then the cut ends of the stems were immersed in 1/2-strength
Hoagland's solution containing 10% or 20% (W/V) PEG6000.
Exogenous polyamine treatments were conducted by addition of
1 mM Put, Spd or Spm to 1/2-strength Hoagland's solution. The
1/2-strength Hoagland's solution served as the control. In the
parallel study, to investigate the effects of inhibitors, the detached
plants were pretreated with the inhibitor of polyamine synthesis,
difluoro-methyl ornithine (DFMO, 1 mM) or the PLD inhibitor,
1-Butanol (1-BuOH, 0.2% v/v) for 6 h before PEG6000
treatments. After treatments of the detached maize plants, the
second leaves were sampled for the following experiments. Allthe treatments were done at 27 °C with a continuous light
intensity of 200 μmol m−2 s−1.
2.2. Extraction and assay of PLD activity
The PLD in maize leaves was extracted by the method of
Hong et al. (2008). PLD activity was determined according to the
method of Khatoon et al. (2008) with minor modifications. This
method is based on the enzymatic determination of the release of
choline by the hydrolysis of phosphatidylcholine (PC) by PLD.
The substrate solution was prepared by adding 40 mg PC to 1 ml
chloroform and 5 ml water containing 1.44 mg/ml SDS. In a
typical experiment, 50 μl PC and 150 μl sodium acetate buffer
(0.5 M, pH 5.5) containing 5 mM CaCl2 were prepared. The
reaction was started by the addition of 150 μl enzyme sample,
followed by incubation at 37 °C for 10 min, and terminated by
the addition of 100 μl Tris–HCl buffer (1 M, pH 8.0) containing
0.1 M EDTA. The samples were then chilled in ice for 5 min.
The above standard reaction was immediately incubated with
150 μl of the following mixture: peroxidase reagent (containing
2 U peroxidase, 1.5 mM 4-aminoantipyrine and 2.1 mM phenol)
and choline oxidase (15 U) in 10 mM Tris–HCl buffer (pH 8.0),
at 37 °C for 45 min. The contaminating soluble proteins were
removed through 0.22 μm filter membrane and the absorbance of
the supernatant was read at 492 nm. The PLD activity was
represented by the changes of absorbance at 492 nm. Deionized
water was used instead of the substrate solution to measure
background absorbance. Protein content was determined
according to the method of Braford (1976) with bovine
serum albumin as a standard.
2.3. Water loss measurement
The water loss of the detached leaves was measured according
to the method of Zhang et al. (2004). The fully expanded second
leaves were cut at the junction of the leaf blade and leaf sheath
and the cut ends were immersed in 1/2-strength Hoagland's
solution containing various inhibitors for a 6 h-pretreatment,
followed by a 10% or 20% PEG6000-treatment for 30 min. The
1/2-strength Hoagland's solution was treated as the control.
Leaves were weighed at various time intervals up to 120 min, and
the loss of fresh weight (%) was used as an indicator of water loss.
2.4. Polyamine measurement
Polyamine extraction and analysis were done according to the
method of Kim et al. (2002). After the treatments, leaf pieces
were collected and blotted on filter paper to remove treatment
solutions. After being weighed, the leaf pieces (0.05 g FW) were
homogenized with a glass homogenizer at 4 °C in the presence of
0.4 ml 5% (v/v) HClO4. After centrifugation of homogenates at
15,000 g for 20 min at 4 °C, supernatants were collected and
dansylated. The supernatants were mixed with 0.5% (w/v) dansyl
chloride (DsCl) saturated with Na2CO3 in a ratio of 1:2:1 (v/v/v)
and incubated in darkness at room temperature (25 °C) for 18 h.
Then, L-proline (100 mg ml−1) was added to the mixtures
in a ratio of 1:8 (v/v) and incubated for 30 min. To extract
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Fig. 1. Effects of PEG6000 treatments on the phospholipase D (PLD) activity in
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vigorously for 30 s. The extracted polyamine solutions were then
subjected to thin-layer chromatography (TLC). Uniform amounts
of extracts (50 ml) and polyamine standard solutions were
applied at several points on preheated silica gel plates. The TLC
plates were developed in a chamber containing chloroform and
trimethylamine in a ratio of 100:9 (v/v). The putrescine-like,
spermidine-like and spermine-like compounds were identified by
the same Rf to that of polyamine standards. After confirmation of
the location of polyamines with a UV light source, polyamine-
containing silica spots were collected and eluted with 4 ml ethyl
acetate. The fluorescence of these solutions was measured with a
UV-fluorescence spectrophotometer (Model F-3010, Hitachi
Co., Tokyo, Japan) at 359 nm exciting and 495 nm emission
wavelengths. Polyamines were dissolved in 5% (v/v) HClO4 to
prepare standard solutions with different concentration. The
polyamine standards were dansylated, extracted and detected as
described above to prepare standard curves.2.5. Membrane damage measurement
The level of membrane damage was represented by relative
membrane permeability and malondialdehyde (MDA) content by
the method of Jiang and Zhang (2001) and Quan et al. (2004)
respectively.2.6. Statistical analysis
All the values in this paper are presented as the mean±SE of
three replicates. Data were analyzed using SPSS 13.0 software.
Values with different letters are significantly different at Pb0.05
based on Duncan's multiple range test.3. Results
3.1. The changes of PLD activity in maize seedlings following
PEG6000-simulated drought stress
Ten or 20% PEG6000 elevated the PLD activity for each
increment in PEG concentration as compared to that in control
treatment. The PLD activity recorded two peaks during the PEG
treatments (Fig. 1). The PLD activity increased during the first
30 min following PEG treatment, but then declined at 60 min in
the 10% PEG treatment. The PLD activity then increased to a
peak value at 120 min followed by a decline forwards 240 min.
In the case of 20% PEG treatment, the PLD activity increased
during the first 30 min, remained steady through 60 min, then
increased sharply till 120 min, maintained somewhat steady
through 180 min, followed by a decline to 240 min. The PLD
activities in this treatment were significantly greater than that at
10% PEG during 60 through 240 min. The results indicate that
PLD had a quick response to drought stress and its activity
maintained a high level in a relative longer period of drought
stress. The changes of PLD activity were also related to PEG
concentration i.e. level of drought stress.3.2. Effect of polyamine synthesis inhibitor on the polyamine
content and PLD activity in maize seedlings
The polyamine contents were largely similar across 10 and
20% PEG treatments at 30 min, while at 120 min the contents
were greater for 20% than those for 10% PEG treatments
(Table 1). The ratio of Spd+Spm/Put declined from 30 to
120 min as the increase in Put content was much greater than
that of Spd and Spm. Pretreatment with 1 mM DFMO partly
inhibited the elevation of the polyamine content and increased
the Spd+Spm/Put ratio induced by the PEG treatments. These
results showed that the polyamine contents increased with
prolonged duration of drought stress and change in Put content
was more sensitive to drought stress than that of Spd and Spm.
These results also confirmed that DFMO can effectively inhibit
the synthesis of polyamines in maize with much greater
inhibitory effects on Put synthesis.
To investigate the polyamine's regulation in PLD response
to drought stress, maize seedlings were pretreated in vitro with
DFMO and the changes in PLD activity measured. DFMO was
found to inhibit the elevation of PLD activities only at 120 min
following PEG treatments (Fig. 2). The above results suggest
that the elevation of PLD activity was independent of polyamine
synthesis at 30 min following drought stress, but was dependent
on polyamine by prolonged drought (120 min).
3.3. Effects of exogenous polyamines on the PLD activity in
maize seedlings
To determine the potential role of polyamines to regulate the
PLD activity, the maize seedlings were treated in vitro with
exogenous polyamines at 1 mM concentration. The polyamines
had no effect on PLD activity at 30 min (Fig. 3). Subsequently,
the most notable increase in PLD activities was in response to
Put across the duration of the study (4 h). Spermidine and Spm
caused significant elevation in PLD activities as compared to
that of the control only at 2 h.
3.4. Effects of 1-BuOH and DFMO on the rates of water loss of
maize leaves
In this study, the PLD activity was elevated within 30 min
of exposure to PEG treatments (Fig. 1). This is an indication in
maize seedlings. Mean±SE (n=3).
Table 1
Effect of PEG6000 treatment and difluoro-methyl ornithine (DFMO) on polyamine content in maize seedlings. Means with the same letters in the same column by
each time interval for each variable are not significantly different based on Duncan's multiple range test (Pb0.05). Mean±SE (n=3).
Treatment Time (min) Putrescine (Put)
(nmol/g FW)
Spermidine
(Spd) (nmol/g FW)
Spermine (Spm)
(nmol/g FW)
Spd+Spm/Put
Control 30 120.36±10.59 a 167.76±11.95 a 85.75±7.20 a 2.11
10%PEG 117.96±10.03 a 171.14±9.48 a 90.07±7.60 a 2.21
10%PEG+DFMO 73.25±4.94 b 139.19±11.82 b 69.76±6.82 b 2.86
20%PEG 122.41±11.29 a 165.90±9.94 a 88.90±6.44 a 2.08
20%PEG+DFMO 78.07±6.03 b 145.36±10.28 b 73.32±5.31 b 2.81
Control 120 111.63±6.71 d 171.75±9.92 d 83.50±6.55 d 2.29
10%PEG 194.40±15.32 b 235.66±16.15 b 110.30±8.72 b 1.78
10%PEG+DFMO 147.71±7.94 c 201.04±11.32 c 98.28±5.32 c 2.03
20%PEG 281.71±12.56 a 269.85±13.81 a 137.71±9.96 a 1.45
20%PEG+DFMO 186.53±10.50 b 227.17±12.51 b 113.19±9.67 b 1.83
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activity in maize quite early during exposure to drought stress. To
test this hypothesis maize seedlings were pretreated with the
inhibitor of PLD, 1-BuOH, and the inhibitor of polyamine
synthesis, DFMO, and water loss from the leaves was measured.
Water loss was reduced in PEG treatments, indicating
reduced stomatal aperture as an adaptive response to drought
stress (Fig. 4). Pretreatment with 1-BuOH partly inhibited the
effect of PEG, but DFMO had no significant effects. These data
indicate that PLD plays a role in regulation of drought-induced
stomatal closure in maize, and this process is independent of
polyamine synthesis.3.5. Effects of 1-BuOH and DFMO on the membrane damage
caused by drought stress in maize seedlings
PLD activity peaked at 2 h following exposure to PEG treat-
ments (Fig. 1). This may indicate the potential for membrane
damage following this period of exposure to drought stress. The
relative permeability of the plasma membrane and the content of
MDA elevated significantly at 2 h after the onset of the PEG
treatments (Fig. 5), and this suggests that drought stress caused
membrane damage. Pretreatment with 1-BuOH partly inhibited
the effect of PEG (Fig. 5), indicating that the hydrolysis of
membrane phospholipids by PLD is an important factor whichd dd d
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Fig. 2. Effect of PEG6000 treatments and difluoro-methyl ornithine (DFMO) on
phospholipase D activity in maize seedlings. Mean±SE (n=3). Different letters
at the top of histograms indicate significant differences (Pb0.05).causes membrane damage during exposure to prolonged drought
stress. Treatment with DFMO also inhibited the effect of PEG
(Fig. 5). DFMO inhibited the elevation of PLD activities under
prolonged drought stress (Fig. 2), suggesting that DFMO reduced
membrane damage by inhibiting the elevation of PLD activity
induced by a prolonged drought stress. Therefore, we conclude
that the membrane damage caused by PLD under a prolonged
drought stress was regulated by the synthesis of polyamines.4. Discussion
Polyamines and phospholipase D (PLD) play important roles in
a plants' response to drought stress, but little is known about their
relationship in the process (Li et al., 2009; Testerink and Munnik,
2011;Wang, 2005). Many researchers pointed out that polyamines
can regulate many enzymes activities by bonding with the enzyme
protein or participation in the process of phosphorylation of the
enzyme protein (Groppa et al., 2001; Liu et al., 2005; Stark et al.,
2011). Studies in animals have shown that polyamines may
regulate PLD activity (Madesh and Balasubramanian, 1997,
1998). Research in Coffea arabica cells showed that exogenous
polyamines enhanced PLD activity (Echevarría-Machado et al.,
2005). In this research, we provided evidence that polyamines and
PLD are important in determining the response of maize seedlings
to drought stress (Fig. 1; Table 1). Therefore, we hypothesize that
polyamines may regulate the PLD response to drought stress in
maize.0
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Fig. 3. Effect of different exogenous polyamines (1 mM) on Phospholipase D
activity in maize seedlings Mean±SE (n=3).
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Fig. 4. Effects of difluoro-methyl ornithine (DFMO) and 1-Butanol (1-BuOH) on
water loss under different PEG treatments in maize seedlings. Mean±SE (n=3).
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over a prolonged period of drought stress, the hydrolysis of
membrane phospholipids by PLD led to an increase in
membrane permeability and peroxidation, which reduced the
drought tolerance of tobacco plants (Hong et al., 2008). To
test this hypothesis, we treated maize seedlings with DFMO, a
suicide inhibitor of ornithine decarboxylase in polyamine
synthesis (Metcalf et al., 1978), and its specificity has been
widely demonstrated in many plants (Bais and Ravishankar,
2002). Then we detected the effect of DFMO on endogenous
polyamine content and the changes of the PLD activity
(Fig. 2). The decline in stomatal aperture reduced water loss
from plants and this is an early adaptive response of plants
subject to drought stress (Bohnert and Jensen, 1996). ResearchM
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Fig. 5. Effects of 1-Butanol (1-BuOH) and difluoro-methyl ornithine (DFMO)
on MDA content (A) and relative membrane permeability (B) in maize leaves
under drought stress. Mean±SE (n=3). Different letters at the top of histograms
indicate significant differences (Pb0.05).in Arabidopsis has indicated that PLD is involved in drought-
induced stomatal closure (Sang et al., 2001). This study
demonstrated that PLD activity was elevated within a short
period (30 min) of exposure to drought stress. This process was
responsible for regulation of drought-induced stomatal closure
which was not dependent on the synthesis of polyamines (Fig. 2;
Table 1). A previous report showed that exogenous polyamines
can induce stomatal closure in V. faba (Liu et al., 2000).
However, in this study, polyamine content had no significant
elevation in the early period of drought stress (Table 1). In our
previous study, we showed that Put could be degraded by copper
amine oxidase, producing H2O2 in V. faba guard cells, inducing
the elevation of Ca2+ in the guard cells and regulating stomatal
closure (An et al., 2008). We conclude that in the process of
stomatal closure in the early period of drought stress, the
physiological roles of PLD and polyamine are independent.
Following a relative longer period of drought stress, the PLD
activity elevated to a second peak (Fig. 1). Corresponding to this
peak, the membrane damage increased along with a decrease in
Spd+Spm/Put ratio (Table 1). Exogenous polyamine treatments
revealed that Put activated the PLD activity most obviously and
this was consistent with the PLD activity being elevated when the
ratio of Spd+Spm/Put decreased (Fig. 3; Table 1). Therefore
over a prolonged drought stress, the polyamine contents and ratio
may regulate PLD activity, and in turn may affect the membrane
damage induced by the drought stress.
Although polyamines and PLD play important roles in a
plants' response to drought stress, it is not clear if the elevation of
the PLD activity and polyamine content is an adaptive response
or an outcome of injury caused by drought stress. Results of our
study revealed that the elevation in PLD activity in the early
period of drought stress is an adaptive response, because PLD
was involved in drought-induced stomatal closure to decrease the
water loss (Figs. 1, 2 and 4; Table 1). However, over a prolonged
drought stress, the elevation in PLD activity was a response to
injury as evident from the membrane damage (Figs. 2 and 5).
Most previous studies showed that Spd and Spm have protective
roles but Put has toxic effects in plants adaption to stress
condition (Groppa and Benavides, 2008). Our results showed that
Put content elevated significantly in response to drought stress as
compared to that of Spd and Spm (Table 1). Exogenous Put
induced an elevated PLD activity much greater than that by either
Spd or Spm. Furthermore, the elevation of PLD activity induced
by Put lasted over 4 h, unlike that induced by Spd or Spm (Fig. 3;
Table 1). The increase in Put content leads to a decrease in
Spd+Spm/Put ratio and this may be one of the reasons that
caused membrane damage. This explains the greater ratio of
Spd+Spm/Put for the stress tolerant cultivars as compared to that
of the stress sensitive cultivars grown under stress conditions (Liu
et al., 2004; Zhao et al., 2003).
This study provided new mechanisms of a plant's tolerance
to drought stress and the physiological roles of polyamines and
PLD in relation to drought stress damage across different stages
of drought stress. It is important to investigate the influence of
polyamines on PLD gene expression at the molecular level and
the relationship between polyamines and PLD in drought stress
at whole plant level.
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